INTRODUCTION
The wide band gap alloy Cd 1−x Mg x Te forms a type I heterojunction with CdTe and has the potential to serve both as an electron and hole-reflective layer in CdTe-based solar cells. 1, 2 Barriers made from this material are highly effective at preventing the loss of photocarriers at bare CdTe surfaces where nonradiative recombination rates are high. 3 Double heterostructures (DH), which enclose a CdTe film between two Cd 1−x Mg x Te barriers (see Fig. 1 ), can even serve as a model system for the study of the optical properties of CdTe, in much the same fashion as GaAs/AlGaAs heterostructures elucidate the optical properties of GaAs. 4 There is also evidence that inclusion of a Cd 1−x Mg x Te barrier in a solar cell structure may improve open circuit voltage, and, ultimately, cell efficiency. 5, 6 The effectiveness of the barrier hinges upon establishing a sufficient band offset through control of the Mg composition (x).
The determination of x is typically carried out by high-resolution x-ray diffraction (HR-XRD). The measured growth axis lattice spacing is a consequence of both alloy mole fraction and in-plane strain induced by the mismatched substrate and/or other layers within the structure. To determine the magnitude of substrate-induced strain, prior reports have used linear interpolation of the elastic constants for CdTe and MgTe. However, detailed calculations suggest that such a simple interpolation may be inaccurate. 7 In addition, the elastic constants for β-MgTe are often inferred from a linear "fit" to those measured for a broad range of semiconductors. 8 It should be noted that this "fit" underestimates the elastic parameters of CdTe and HgTe which are nearest to β-MgTe in the interpolation. The few measured values, measured from strained layers, are also in disagreement. 9 A second source of uncertainty is that the values from the interpolation rely on the lattice constant of β-MgTe, which is still not known with high accuracy. To complicate matters further, there remains a range of published elastic constants for CdTe [9] [10] [11] [12] and InSb 13, 14 (used in this study as an alternative substrate for growth of DHs) available in the literature, thereby making it more difficult to correctly model the HR-XRD data. This range of reported values indicates that further study of the elastic constants is needed. In addition, proper analysis of the HR-XRD measurements requires both in-plane and outof-plane diffraction to assess potential relaxation, adding time and complexity to the measurement.
We decided to pursue alternate techniques for determining the x-value in Cd 1-x Mg x Te, particularly for DHs. We began with room-temperature cathodoluminescence (CL), but again found that a number of inconsistent relationships between x and band gap (E g ) exist in the literature for Cd 1−x Mg x Te. 8, 9, [15] [16] [17] Therefore, we measured CL and energy dispersive x-ray spectroscopy (EDS) on the same samples to determine both x and E g . We then demonstrate that variable angle spectral ellipsometry (VASE) provides a convenient and reliable way to determine these quantities in thin, subsurface layers. Atom probe tomography (APT), which independently provided values of the composition fraction of Mg, was used to evaluate the validity of the VASE x-value determination.
Knowing the composition of the Cd 1−x Mg x Te layers, the effects of composition and strain in XRD scans could be decoupled. This, in turn, allowed for exploring the role that strain might play in the diffusion behavior of Mg during annealing. 18 and Swartz et al. 4 Thick (0.5-1.0 μm) Cd 1-x Mg x Te films were grown specifically to allow x to be measured by EDS using an FEI Helios NanoLab 400 Dual Beam scanning electron microscope (SEM) equipped with an AMETEK Apollo XL EDS system. The x-ray spectra were analyzed using the accompanying software, TEAM 4.2. The thick Cd 1-x Mg x Te films were also necessary for the roomtemperature CL measurements, performed in a Gatan MonoCL4 suite mounted in a JEOL JSM-6010PLUS/LA SEM. A high-efficiency parabolic mirror placed in the chamber collects luminescence and passes that light through a monochromator which is then collected in a photomultiplier tube. EDS and room-temperature CL were also attempted on DH, but in both cases the signal from the thinsubsurface Cd 1-x Mg x Te layers was not strong enough for detection. The spectra of thin Cd 1−x Mg x Te barriers in DHs were easily measurable by VASE using a J.A. Woollam VASE in the range of 250-800 nm, typically at incident angles of 65°, 70°, and 75°. From the spectra obtained, the E g of the Cd 1−x Mg x Te films could be determined.
APT was performed on a Cameca LEAP 4000X Si system. Sample preparation for APT was performed by focused ion beam milling (FIB) of samples into needle-like specimens using an FEI Helios 600i FIB/ SEM. The APT collection parameters were calibrated based on those which produce stoichiometric CdTe. 19 Annealing experiments were carried out by placing samples along with a small piece of Cd in quartz ampoules and evacuating to a pressure of approximately 1 9 10 −7 kPa. The samples in the sealed ampoules were annealed (under a Cd overpressure) at temperatures ranging from 350°C to 500°C with anneal times ranging from 10 min to 36 h, followed by an air quench. As-grown and annealed samples were then sent to EAG Laboratories for secondary ion mass spectrometry (SIMS) measurements. The samples were characterized to examine the extent to which Mg moved across the Cd 1−x Mg x Te/CdTe interface.
RESULTS AND DISCUSSION

Bandgap Versus Composition
Thick Cd 1−x Mg x Te films underwent both EDS and room-temperature CL measurements to investigate the link between x and E g . EDS was able to determine the atomic percent of Mg which was then converted to an x value. The E g was estimated by the peak energy of the room-temperature CL spectra obtained. While optical determination of the LeBlanc, Edirisooriya, Ogedengbe, Noriega, Jayathilaka, Rab, Swartz, Diercks, Burton, Gorman, Wang, Barnes, and Myers bandgap can be complicated due to the presence of impurities, defects and other issues, the peaks observed were fairly sharp which is suggestive of a single primary transition. In addition, room-temperature luminescence consists primarily of bandedge transition in most cases. Finally, the close correspondence between the EDS/CL results and that obtained using VASE and APT, discussed later, lends validity to this approach. The largest uncertainty came from the x determination by EDS. Combining the results of these two measurements, the Mg composition x in the Cd 1−x Mg x Te films was found to be a linear function of the luminescence peak energy from CL as shown in Fig. 2 and is expressed as
with an estimated uncertainty in x of ± 0.015 for 0 ≤ x ≤ 0.6. Conversely, knowing x, this would imply an uncertainty of 24 meV in E g . This correlation agreed well with some, but not all, relationships found in the literature, also shown in Fig. 2 , which were found using other techniques such as x-ray photoelectron spectroscopy, photoluminescence spectroscopy, photoluminescence excitation spectroscopy and XRD. 8, 9, 16, 17, 20 Simple extrapolation of our linear expression would give a predicted E g of 3.1 eV for zincblende MgTe at room temperature. However, with our limited data range we could not determine if band bowing was present as predicted by a recent computational model, 21 which is also suggested by the results from Adachi 8 and Hartman. 9 Analysis of thick films by VASE involves interference fringing effects which are sensitive to small uncertainties in the film thickness. However, the barriers of the DH were thin enough to be readily examined by VASE without such complications, while providing a significant optical signature for analysis. Maintaining a thin barrier also allowed for the minimization of effects due to impurities in the barriers. Sampling at energies above the band gap of CdTe also simplified analysis. The band-gaps of II-VI alloys have been determined by many groups by processing VASE data with various parametric models. 22, 23 One particularly sophisticated model we investigated was developed to describe the critical point structure of a semiconductor without the use of fictitious oscillators, 24 and has been used to probe the band structure of Cd 1−x Mg x Te. 25, 26 Here, we propose another, simpler approach that allows for a quick turnaround in analysis with a good degree of accuracy. This is the method of locating the peak in the real index of refraction spectrum, which should be near E g . 27, 28 The E g (x) relationship in Eq. 1 was then used to determine the DH barrier composition x based on the E g determined by analysis of VASE measurements. We note that, in each of the 40 heterostructures analyzed, the band gap predicted from the energy of the peak in index of refraction is within ±0.025 eV of the band gap as predicted from the more sophisticated model, showing that this simplified approach is very effective. This is particularly useful, as no initial guess parameters are needed, and not all ellipsometry software is capable of implementing the more complex model. Note that this level of uncertainty is also consistent with the uncertainty in the above relationship between E g and x. Certainly, the speed of the simpler approach enabled quick turnaround of barrier composition to allow for correction and control in subsequent MBE growth compared to x-ray diffraction or APT analysis.
To find the real index of refraction for the Cd 1−x Mg x Te barrier, the simple model used specifies a three-layer structure-a 10 nm cap layer of CdTe, a nominal 30-nm top barrier of Cd 1−x Mg x Te, and a CdTe substrate which is treated as semi-infinite, since the absorption coefficient of CdTe prevents light from penetrating through the 0.5-to 5-micron absorber layer to the bottom Cd 1−x Mg x Te barrier (see Fig. 1 for the DH structure). The complex index of refraction of CdTe at each wavelength is fixed at values taken from the literature. 29 The measured quantity at each wavelength is the complex reflectance ratio, expressed as amplitude (Ψ) and phase (Δ). This is enough to determine the top barrier's real (n) and imaginary (k) indices of refraction as the only free parameters as seen in Fig. 3 . 30 We note that our process for determining x involves several steps-the determination of the x versus E g relationship for thick layers and the analysis of VASE data on DH. Fortunately, we have an alternate method to perform a check on the validity of the approach. The Mg concentration in many of our samples was determined using APT. An example of an APT composition profile is shown in Fig. 4 , illustrating the resolution of the APT measurement. Measurements of the Mg concentration via APT for all samples investigated resulted in the same x value as determined by VASE using Eq. 1 within experimental uncertainty. Figure 5 illustrates the agreement. In particular, we compare the Mg content versus band gap energy as determined by EDS and CL, respectively, on thick layers, and separately the Mg content determined by APT with E g determined by VASE on thin DHs. Also shown for comparison is the expression given by Adachi
where 0.54 is the bowing parameter. 8 This indicates both a validity to the approach as well as supports the measured relationship above (1) between E g and x. We note that the expression given by Adachi is a fit to three sets of experimental data 22, 31, 32 with a spread of values comparable to or greater than the scatter in our results compared with the fit of Eq. 2.
Lattice Parameter and Elastic Constants
With the known value of x for each barrier, the lattice parameter for Cd 1−x Mg x Te versus x was investigated. For CdTe/Cd 1−x Mg x Te DH grown on (100)-oriented InSb substrates, the mismatch between the Cd 1−x Mg x Te lattice parameter a CMT and the InSb lattice parameter a InSb produces in-plane strain ɛ ∥ = (a InSb − a CMT )/a CMT , which in turn produces growth axis lattice strain ɛ ⊥ , equal to ɛ ∥ multiplied by the strain ratio for Cd 1-x Mg x Te, P = 2C 12 /C 11 where C 11 and C 12 are the appropriate elastic constants of Cd 1-x Mg x Te. 33 From the growth axis spacings and the HR-XRD wavelength λ, Bragg's Law yields the expected angle of displacement (θ InSb − θ CMT ) between the InSb substrate XRD peak and the Cd 1-x Mg x Te XRD peak.
The factors of 4 come from the fact that the peaks were reflections from the (400) plane in reciprocal space. The Cd 1-x Mg x Te lattice parameter and elastic constants were assumed to be a linear combina- tion, such as a CMT = a MgTe x + a CdTe (1 − x). Using as fixed parameters our measured CdTe lattice constant of a CdTe ¼ 6:4808 Å , which is consistent with stoichiometric CdTe 34 and a fixed CdTe strain ratio of 1.385, the MgTe lattice constant (a MT ) and strain ratio were used as free parameters for fitting the measured peak displacements. We note that, while there remain variations in the reported CdTe elastic constants, there is remarkable consistency in the ratio 2C 12 /C 11 for CdTe. 8, 10 This procedure produced a good fit, as shown in Fig. 6 , suggesting a lattice constant of a MgTe = 6.443(±0.004) Å and a strain ratio of 1.57 for MgTe. We note that the fit is most sensitive to a MgTe as indicated in the figure, where fits with various a MgTe fixed values with fitting only the strain ratio are shown for comparison. The lattice parameter determined this way differs from the typical estimates 9,12,20,35 of 6.41-6.42 Å but is closer to the 6.433 value reported by Madelung 36 and 6.435 Å in the earlier study by Waag 13 . The strain ratio is also toward the high end of previously reported values, ranging from 1.05 to 1.64. 9, 20, [37] [38] [39] [40] To illustrate the necessary accuracy for using this approach to determining x, we note that the range of strain ratio reported in the literature for fixed lattice parameter would lead to a change in determined x of about 0.05, while a change in 0.01 Å in lattice parameter leads to a shift in determined x of about 0.1 for a fixed strain ratio. We are continuing a more detailed investigation of both the lattice constant and the elastic properties of MgTe to be reported at a later date.
Thermal Stability
Annealing experiments were performed on a CdTe/Cd 1-x Mg x Te/CdTe SH with a 30-nm-thick Cd 0.65 Mg 0. 35 Te layer to determine thermal processing limits. Extrinsic dopants such as As or P may need an anneal in order to become active, and so a knowledge of the behavior of Mg during these anneals is crucial. The single heterostructure was quartered with separate pieces annealed at 350°C (36 h), 400°C (3.5 h), and 500°C (10 min) under Cd overpressure. Figure 7 illustrates the concentration-depth profiles of the set of annealed samples as measured by SIMS compared to the as-grown CdTe/ Cd 1−x Mg x Te SH. The concentration-depth profile of the 350°C anneal is nearly identical to the as-grown concentration-depth profile, suggesting that there was not significant atomic redistribution at this temperature. However, at 400°C and higher, there is measureable atomic redistribution that becomes more pronounced as the temperature increases to 500°C. We also note that there appears to be an asymmetric fast diffusion taking place on the substrate side of the SH annealed at 500°C, significantly more pronounced than SIMS artifacts due to memory effects observed in the other three profiles. It is not clear at this point what causes this asymmetry.
The slow component of Mg diffusion in the measured SIMS profiles following diffusion anneals of the CdTe/Cd 1−x Mg x Te/CdTe heterostructure was modeled assuming a concentration-independent diffusion coefficient (D) starting with a Cd 1−x Mg x Te thin film layer initially bounded by two semi-infinite CdTe layers at -h to +h. This model is based on the analytical solution of Fig. 6 . Difference, in seconds of arc, between the HR-XRD peak for CdMgTe and the substrate peak for heterostructures grown on InSb. The line represents the fit discussed in the text, which assumes the lattice constant and strain ratio for CdTe are fixed at 6.4808 Å and 1.385, respectively. Here, C(x) is the modeled Mg concentration,C 0 is the initial concentration of Mg before anneal, D is the diffusion coefficient, t is the anneal time, x is the depth, and h is half of the SH thickness. D was determined from this model by fitting to the after-anneal concentration versus depth. Modeled diffusion coefficients for Mg at 500°C and 400°C were found to be 4:0 Â 10 À14 cm 2 s À1 and 7:0 Â 10 À17 cm 2 s À1 , respectively. With little evidence of interdiffusion at 350°C, an upper bound on the diffusion coefficient was estimated to be 3:5 Â 10 À18 cm 2 s À1 based on the anneal time. As shown in Fig. 8 , the diffusion coefficients found in this study for 350°C and 400°C were lower than previously reported values by Seweryn et al. 42 where Cd 1−x Mg x Te structures were also grown by MBE under Cd-rich and Te-rich conditions and then underwent an ex situ anneal under dry nitrogen flux. Our measured value at 500°C was appreciably larger.
To investigate the possible effect of lattice strain on interdiffusion, we grew a nominally 100-nm-thick Cd 0.65 Mg 0. 35 
CONCLUSIONS
VASE was shown to be a simple, quick, non-invasive and valuable tool for measuring x in CdTe/ Cd 1−x Mg x Te DH. In other publications, we have shown that lifetime and radiative efficiency can be quickly determined using photoluminescence intensity measurements, and defect structures using confocal photoluminescence microscopy. 43, 44 VASE provided a complementary quick characterization technique for determining Cd 1−x Mg x Te composition such that all of these measurements could be performed within a short enough time frame, typically less than a day, such that feedback could be provided to MBE growers before the next growth. By analyzing a large set of CdTe/Cd 1−x Mg x Te DH where x is accurately known, we determined a room-temperature lattice parameter of a MgTe = 6.443 (±0.004) Å and a strain ratio of 1.57 for MgTe. Diffusion of Mg in CdTe/Cd 1−x Mg x Te DH was found to be in fair agreement with that reported in the literature, and helped establish thermal processing limits for such structures. We note that processing conditions for the samples can have a significant effect on stability. Lattice matching to reduce strain and/or the presence of a small amount of Zn may inhibit Mg diffusion.
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